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Abstract
Realization of integrated photonic circuits on a single chip requires controlled manipula-
tion and integration of solid-state quantum emitters with nanophotonic components. Previous
works focused on emitters embedded in a three-dimensional crystals – such as nanodiamonds
or quantum dots. In contrast, in this work we demonstrate coupling of a single emitter in a
two-dimensional (2D) material, namely hexagonal boron nitride (hBN), with a tapered optical
fiber and find a collection efficiency of the system is found to be 10 %. Furthermore, due to the
single dipole character of the emitter, we were able to analyse the angular emission pattern of
the coupled system via back focal plane imaging. The good coupling efficiency to the tapered
fiber even allows excitation and detection in a fully fiber coupled way yielding a true integrated
system. Our results provide evidence of the feasibility to efficiently integrate quantum emitters
in 2D materials with photonic structures.
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Atomically thin two-dimensional (2D) materials are garnering major attention in a variety of
emerging applications in nanophotonics and optoelectronics1,2 spanning low threshold lasing,3
sub-diffraction imaging,4,5 valleytronics,6,7 and efficient light emitting diodes.8,9 In particular,
hexagonal boron nitride (hBN) has recently emerged as a promising layered material that hosts
optically stable single photon emitters that operate at room temperature.10–13 These defects have a
narrow emission linewidth from the ultraviolet to the near infrared spectral range, are bright, and
can be excited by two-photon excitation.14 These properties make them promising candidates for
applications in (bio)-sensing,15 nanophotonics,16 and quantum information science.17
However, in order to employ these emitters in applications, e.g., as single photon sources, it
is necessary to efficiently extract the emitted photons.18 While usage of solid immersion lenses19
and dielectric antennas20 has been demonstrated, these approaches do not offer a path to scalability
and suffer from complicated output modes. A promising direction to overcome this problem is
using near-field coupling to tapered optical fibers,21–23 where the photons get directly emitted
into a guided mode inside the fiber. In these geometries, coupling efficiencies of over 20 % can
be reached and even higher efficiencies are possible by combining the tapered fibers with optical
cavities, such as nanofiber Bragg cavities (NFBCs).24–26
In this letter, we demonstrate unprecedented results of coupling quantum emitters embedded
in layered hBN to a tapered optical fiber. We show efficient collection of light emitted by a sin-
gle photon emitter into the optical fiber and prove that the quantum nature of light is maintained
throughout when the light is guided through the fiber. We further analyze the collection efficiency
in detail by taking into account the non-isotropic emission of a dipole emitter.
A sketch of the setup is shown in Figure 1 (see Methods for detailed description). The setup
consists of a home-built beam-scanning confocal microscope equipped with a spectrometer and
avalanche photodiodes for photon correlation measurements. The emitters in hBN (see Methods)
are excited using pulsed or continuous wave lasers at a wavelength of 532 nm. A tapered optical
fiber with a radius of 320 nm is positioned in front of the objective lens with a numerical aperture
(NA) of 0.95. One end of the fiber is spliced to a longer fiber from which the light is coupled out
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Figure 1: Setup used in the experiment. a, Illustration of the experiment. b, The setup used
in this experiment consists of a home built confocal microscope equipped with a piezo-driven
three-axis manipulator (xyz) for attaching hBN flakes to a tapered optical fiber (colored blue). The
microscope uses an objective lens with a numerical aperture of 0.95 and raster scanning is achieved
using a scanning mirror assembly (SM). Different lasers (pulsed or cw) can be fiber coupled to the
microscope and detection either occurs via a CCD camera for imaging the sample or the back focal
plane (BFP) of the objective. Detection (Det) of the light is done with interchangeable modules for
registering intensity, spectrum, and intensity correlations. Fiber coupling of the modules makes
their use with the microscope as well as with the fiber possible. Light inside the fiber is coupled
out for filtering and then coupled to another fiber and sent to the detection units (Det). hBN flakes
are depicted in the rendering (rose is boron, green is nitrogen) and as stars.
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in order to perform filtering before it is sent to the detectors.
To transfer the hBN flakes that host the quantum emitters onto the tapered fiber a sharp tungsten
tip driven by a piezo positioner is used.27 The hBN flakes are lifted off the silicon substrate with
the tip. Subsequently, the flakes are then placed onto the fiber by approaching the tungsten tip to
the tapered region of the fiber. After successful transfer of an hBN flake, room-temperature optical
measurements were carried out.
We first compare the emission properties of the hBN sources into free space using the high NA
objective lens with the collection through the fiber. Figure 2(a) and (b) show the room-temperature
spectra of the light collected through the objective lens and through the fiber, respectively. In both
spectra, two peaks are visible (at 573 nm and 666 nm), most likely corresponding to two individual
single emitters. In the following, the emitter at 666 nm will be investigated in detail. Unless
otherwise stated, a bandpass filter between 650 nm and 700 nm is used. The full width at half
maximum (FWHM) of the peak is approximately 2 nm. Notably, in both cases, namely through
the fiber and via the high NA objective, the spectra are very similar, and the sharp lines of the
emitter is clearly visible. The minor differences can be explained by different coupling efficiencies
to the fiber and the objective lens and by fluorescence coming from pump light entering the silica
fiber.
To prove that the emitter is indeed a single photon source, the second order autocorrelation
function, g(2)(t), is recorded. Figure 2(c) and (d) show these antibunching measurements of the
light collected through the objective lens and through the fiber’s end, respectively. The measure-
ments were carried out using the 10 nm bandpass filter in order to only collect light from the sharp
line at 666 nm. Both curves show a pronounced dip at zero time delay (t=0), confirming the single
photon nature of the light. This clearly proves that the coupling of a defect in a two-dimensional
material to the fiber and extraction of its photons is successful.
In Figure 2(e) lifetime measurements for the free space collection and collection via the fiber
are shown. The lifetimes through the objective and the fiber are 19.7 ns and 19.4 ns, respectively.
As expected, these lifetimes are nearly identical, as it is the same emitter. The small differences
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Figure 2: Characterization of a deposited hBN flake. a,b, spectrum of the light collected through
the microscope objective and the fiber, respectively. Dark gray wavelength ranges are blocked by
filters. In the measurements in panel f the light gray ranges are also blocked. For measurements in
the other panels, a 10 nm bandpass filter was used to suppress all light but the light coming from
the peak at 666 nm. c,d, antibunching measurements of the light collected through the objective
and through one end of the fiber, respectively. The pronounced dips at zero time delay prove the
single photon nature of the light. Values at zero time difference as extracted from the fits (red
lines) are g(2)(0) = 0.24 and g(2)(0) = 0.15 through objective and fiber, respectively. e, lifetime
measurements through the objective (upper part) and through the fiber end (lower part). Fits to
the data (red line) yield lifetimes of 19.7 ns and 19.4 ns, respectively. f intensity through the
objective (upper part) and through the fiber’s end (lower part) measured at the same time. A
blinking behavior is visible. Note the near perfect correlation between the blinking in the upper
and lower trace.
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can again be explained by different contributions of background light. To avoid most of these
contributions, the fit was carried out to the data starting from 5 ns after the excitation laser pulse.
Finally, we analyze the temporal stability of this emitter by recording the intensity count rate
as a function of time. The corresponding measurements are shown in Figure 2(f). As expected,
the emission is modulated in a very similar manner when collected via both outputs, namely air
objective (upper part) and fiber (lower part). The observed sharp steps in both cases are an indica-
tion that this modulation is not caused by the fiber vibrating and drifting through the laser focus,
where the modulation would be expected to be continuous. This indicates a blinking behavior of
the emitter, that was also be found for some emitters on the substrate.
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Figure 3: Saturation measurements and fiber coupling efficiency. a, Saturation curve of
the single defect coupled to the nanofiber measured collecting the light through the objective
(black) and through the fiber (blue). The curves follows Equation ?? with parameters are
Rinf,obj = 118 kcounts/s, Is,obj = 86 µW, and BGobj = 42 counts/µW for the black curve and
Rinf,fib = 36 kcounts/s, Is,fib = 86 µW, and BGfib = 11 counts/µW for the blue curve, respectively.
Integration time for each data point was 3 s. The red curves are the contribution of the defect
whereas the dashed lines are the background contribution. b, Representation of the data in a,b on
a linear/logarithmic plot with background correction applied. c, Spectrum collected when detect-
ing and pumping through the fiber. Even though the pump light propagated through the fiber and
excited background fluorescence, the defect at 666 nm is visible. The inset shows the signal after
optimization of coupling of the pump light. Shaded areas are filtered out in the inset. d, Simulation
on the nanofiber diameter and coupling efficiency. The upper part shown a sketch of the geometry
investigated while the lower part shows the variation of the coupling into the fiber for a dipole with
longitudinal orientation.
To show the high coupling efficiency of the quantum emitter to the fiber, saturation measure-
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ments were carried out (see Figure 3(a-c)). The saturation curves follow the Equation:28
R = Rinf
(
I
Is
)
(
I
Is
)
+1
+BG× I , (1)
with the pump laser intensity I, the emission rate at saturation Rin f , the saturation intensity Is,
and an additional linear background with coefficient BG. From fits to the data saturated emission
rates of Rinf,obj = 118 kcounts/s and Rinf,fib = 36 kcounts/s were found for collection through the
objective lens and one end of the fiber, respectively. For the fit to the confocal data, due to the
higher noise, the saturation intensity was fixed to Is,obj = 86 µW, which is the value extracted from
the fit to the data through the fiber, that exhibits lower noise levels.
Since the measurements for the count rate at the tapered fiber were only carried out on one
end, in order to exclude reflections in the open end of the fiber, the reflectivity of the whole fiber
(including the reflection from the facet) was measured. A value below for the reflectivity below
0.1 was found indicating that this is not the case and the measured count rate stems indeed from
the photons emitted in one end.
Figure 3(c) shows the emission spectrum, excited with a laser beam that is propagating through
the fiber. In this configuration, the propagating laser beam can excite background fluorescence
inside the fiber. Nevertheless, due to a high coupling efficiency for excitation and emitted photons,
and the use of a pure silica core tapered fiber, the defect’s emission can be detected as a bright
line at 666 nm. Excitation and detection through the fiber will enable the system to serve as an
integrated single photon source in quantum networks.
Figure 3d shows the results of numerical simulations of the coupling efficiency for a dipole
oriented longitudinal along the fiber yielding an efficiency of 14.2 % for the fiber diameter used in
the experiment.
To get more insight into the coupling of hBN defect to the nanofiber, we performed measure-
ments of the polarisation dependence of excitation and emission. The corresponding measurements
are shown in Figure 4(a-c). In Figure 4(a,b), the polarisation of the excitation laser is rotated and
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the emission collected through the objective and through the fiber, respectively. The observed
pattern suggests that the transition dipole excited by the laser lies in parallel with the nanofiber.
Figure 4(c) shows the polarisation of the photons collected through the objective when the pump
laser is coupled into the fiber (i.e. exciting the defect through the fiber). Here, the polarisation has
a reduced visibility, which could be an indication that the line at 666 nm is excited indirectly.12
By coupling single photon emitters to photonic structures, such as the nanofiber used here, not
only new decay channels are provided, but also the overall emission pattern is altered. This can be
investigated by imaging the back focal plane (BFP) of the microscope objective. In the BFP, the
angle of the emission to the optical axis is directly visible. Figure 4(d-f) shows BFP images of the
nanofiber coupled with he hBN flake in three different configurations. First, in Figure 4(d), in order
to check the general scattering properties, broadband light from a halogen lamp is coupled into the
fiber and the scattered light observed. Light leaking from the fiber is visible under high angles at the
left side of the image. In addition, scattering from the particle hosting the hBN flake can be seen in
the middle. Second, in Figure 4(e), the BFP image is shown when exciting through the fiber. Due
to contributions of other sources of light at other wavelengths a near isotropic emission is found.
Finally, to only investigate the light from the single defect at 666 nm wavelength, in Figure 4(f)
the fluorescence when using the 10 nm bandpass is shown. Two lobes are visible, separated by a
minimum along the fiber axis. This situation can be compared to the numerical calculation shown
in Figure 4(g) (see Methods).
In these calculations, the back focal plane intensity pattern is investigated for a dipole in parallel
orientation at positions on top of the fiber, at the middle position, and at the bottom position
(labeled 1-3 respectively). The data shown is is normalized to each panel’s maximum and the
fraction of the total emitted power falling in the numerical aperture of 0.95 used in the experiment
is 0.22, 0.22, and 0.51, respectively. This shows that the position of the dipole has a dramatic effect
on the number of photons that can be collected with an objective lens in free space that has to be
taken into account when calculation the coupling efficiency to the nanofiber. The assumption of
isotropic emission of the emitter, while often made, is a relatively coarse approximation, as we
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Figure 4: Polarisation and back focal plane measurements. a, Intensity of the emission mea-
sured through the objective when the excitation polarisation is rotated. The fiber axis is horizontal
from 0 to 180 degrees. b, Intensity of the emission as measured through the fiber. c, Intensity
collected through the objective when excited through the fiber. In contrast to a,b, not the excitation
polarisation, but the polarisation of the detection is varied using a polarizer. d, Back focal plane
(BFP) image when white light from a halogen lamp (561 nm to 700 nm wavelength) is coupled
into the fiber from the right side. Light leaking from the fiber can be seen on the left at high angles
while light scattered from the particle attached can be seen in the middle. e, BFP image of the
fluorescence when pumped through the fiber (561 nm to 700 nm wavelength). Since the excitation
laser gets filtered out, no light leaking from the fiber can be detected. f, BFP image when the
10 nm bandpass filter is introduced. Two lobes are visible separated by a minimum on the fiber
axis. g, Numerical calculations of the far field pattern and the corresponding collection efficiency
for different dipole positions (1: back side, 2: middle position, 3: front side). The best resemblance
of the measured pattern was found for a longitudinal dipole at a position at the middle of the fiber.
The fiber is oriented horizontally in all panels.
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will investigate later in this paper. In our case, the pattern when the dipole sits at the middle of the
fiber is closest to the measured result in Figure 4(f). Hence, the calculated free space collection
efficiency is ηobj,calc = 0.22.
The values found for the collection efficiency differ by more than a factor of two for different
dipole positions. It is therefore illustrative to compare them with the result when assuming isotropic
emission of the dipole. In this case, the 0.95 NA collection lens collects ηobj,geom ≈ 34 % of the
full solid angle. This would – using the value of ηfib,calc = 14.2 % for the coupling efficiency to
the fiber from the calculations shown in Figure 3(d) – yield a value for the microscope collection
efficiency of ηobj,iso = (1−ηfib,calc)×34 % = 0.29.
In order to get an experimental value for the coupling efficiency in the fiber, the transmission
of the optics has to be known (see Methods). Experimentally, we found a relative transmission for
the two different paths of trel =
tobj
tfib
= 0.72. The coupling efficiency to the fiber ηfib is then given
by:
ηfib =
Rinf,fib×2
Rinf,obj
× trel×ηobj,calc = 10 % , (2)
where the factor of 2 accounts for the fact that light is emitted to both ends of the fiber.
This shows, that the fiber coupled system is able to achieve a similar collection efficiency as
a high NA objective lens, while having the advantage of being directly fiber coupled and offers
alignment free collection. With the use of nanofiber Bragg cavities, this value can even surpass
high NA objective lenses and efficiencies over 80 % are expected.26
The value of the coupling efficiency of 10 % found here is consistent with the findings of
other results using other emitters such as quantum dots21,22 or defect centers.23,29 While those
measurements were performed using a single mode nanofiber, here a fibre in the multimode regime
was used. In this regime the total coupling efficiency can be even higher than in the single mode
regime,30,31 what can be seen in Figure 3(d). For the peak for small fiber diameters (single mode
regime) is smaller than the other two peaks for a larger radius.
In conclusion, we realized an integrated photonic system where a quantum emitter in a 2D
material, layered hBN is coupled to a tapered optical fiber. We achieved highly efficient coupling
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to the fiber with an efficiency of 10 % and were able to prove the quantum nature of the light
emitted. BFP imaging of the emission dipole as well as polarization measurements confirm the
efficient coupling of the quantum emitter to the tapered fiber and show that the dipolar emission
pattern of the emitter has to be taken into account when measuring the coupling efficiency. The
highly efficient coupling observed even allows for excitation of the emitter and collection through
the same fiber, establishing a fully fiber integrated system. Our results pave the way for promising
applications in integrated quantum photonics using single emitters in hBN.
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Methods
hBN samples
A native oxide Si (100) substrate was cleaned thoroughly with acetone, isopropanol, and ethanol
before drop-casting 100 µL of ethanol solution containing pristine hBN flakes (Graphene Super-
market) of approximately 200 nm in diameter and 5−50 nm of height onto silicon substrates. The
completely dried sample was then loaded into a fused-quartz tube in a tube furnace (Lindberg
Blue). The tube was evacuated to low vacuum ( 10−3 Torr) by using a rough pump then purged for
30 min under 50 sccm of Ar with pressure regulated at 1 Torr. The substrate was then annealed at
850 C for 30 min under 1 Torr of argon. This thermal treatment step is employed to increase the
11
optically active defect density.32
Tapered fibers
The tapered fiber is fabricated by heating an optical fiber (0.25Z-U, Sumitomo Electric) with a ce-
ramic heater to a temperature of about 1350 ◦C. The fiber was stretched for 200 s with speeds from
0.2−0.3 mm/s resulting in an overall distance of 505 mm. With this, a waist diameter of about
640 nm was achieved. The transmission of the fiber stayed (apart from mode beating expected in
multimode fibers) close to unity during this process.
Setup
The experimental setup used (shown in Figure 1) consists of a home build confocal microscope
and a manipulator. The manipulator consists of a sharp tungsten tip (TP-0002, Micro Support)
and a three axis piezo stage (TRITOR 100, Piezosystem Jena). The microscope objective used
(MPlanApo N 100x/0.95, Olympus) has a numerical aperture of 0.95 and is mounted on a one axis
piezo stage (TRITOR 100 SG, Piezosystem Jena) to adjust the focus. Scanning is achieved by a
scanning mirror unit (GVS002, Thorlabs) and the excitation lasers used are a 532 nm wavelength
continuous wave laser (LBX-532, Oxxius) and a picosecond laser at the same wavelength (Katana,
Onefive) for pulsed measurements. Detection is done via two avalanche photodiodes (SPCMM-
AQRH-14-FC, Perkin Elmer) behind a fiber beam splitter connected to a counting module (Time
Harp 200, Picoquant) or by a Peltier cooled camera (DU420-OE, Andor) behind a monochromator
(Oriel MS257). For back focal plane imaging, the back focal plane is imaged on a Peltier cooled
camera (PIXIS 1024, Princeton Instruments). Transmissions of the microscope and fiber setup was
measured to be 0.56 (without 10 nm bandpass filter, fiber in-coupling, and microscope objective)
and 0.7 for the setup used for filtering the light from the fiber (not including fiber in- and out-
coupling). The transmission of the bandpass filter cancels out as it is used in both setups and the
difference in fiber coupling is estimated to be 90 %. From the manufacturer, the transmission of
the transmission of the microscope objective is given as 90 % by the manufacturer. The relative
transmission is hence trel = tctf = 0.72.
FDTD simulations
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In order to analyze the far-field pattern and the corresponding collection efficiency, three dimen-
sional finite-difference time-domain (FDTD) simulations were performed on a commercial pack-
age (FDTD Solutions, Lumerical). The calculation region (length × width × height) were set to
40 µm × 40 µm × 4 µm. An automatic nonuniform mesh and the material properties of SiO2
provided by the software were used in the calculation. A single dipole source was slightly outside
(0.5 nm) the surface of the fiber. Perfectly matched layers (PML) were employed as absorbing
boundary conditions. The far-field pattern was calculated from the top side of the calculation
region.
The coupling efficiency to the nanofiber is calculated by comparing the total emission a dipole
with the power coupled into the fiber measured with a 4 µm×4 µm sized monitor at the end of the
nanofiber.
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